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^  ABSTRACT 

\ 

The  overall  stoichiometries  of  the  ammonia -oxygen  and  ammonia-chlorine 
flame  reactions  have-been  deduced  from  mass  spectrographie  analyses  of  the 
gaseous  reaction  products  and  from  reaction  parameters  for  the  opposed- jet 
diffusion  flame.  The  overall  stoichiometry  of  the  ammonia -oxygen  flame 
reaction,  in  the  pressure  region  of  200  to  76O  torr,  is  best  represented  by 


the  equation 


'flic  volumetric  reaction  rate  (M„  )  and  heat  release  rule  (a13')  for 

..  fu ,  max  ,  .  httax 

this  reaction  are  7*3h  p /ear-roc  ond.  gihg-x--  10  •  cal/cnr -setr,  respectively. 

■'  -J  ± 


The  --VO rail  stoichiometry  of  the  ammonia -ehlo line  reaction  at  pressures 
ranging  from  3°0  to  7^5  torr  cun  be  represented  by 


7  NHj  t-  3  01., 


S  NH.Cl  )•  HCJ  N„ 


The  volumetric  rate  of  reaction  for  this  equation  is  3-o7  g/cm^-sec ,  uhicli 
corresponds  to  a  volumetric  heat  release  rate  equal  to  r 'fO^'pai/cTn^-oec. 

j 
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I.  INTRODUCTION 

The  objective  .  ’  the  •.  ■  s- :it  fell  being  conducted  under  this  contract,  funded  by 
the  Advanced  Research  Projects  Agency,  is  to  obtain  a  better  understanding  of  the 
mechanisms  of  combustion,  decomposition,  and  detonation  of  solids.  Current  in¬ 
vestigations  are  concerned  with  the  gas-phase  reactions  associated  with  the 
combustion  of  composite  solid  propellants  and  their  relationships  to  the  energy 
transport  processes  near  solid-propellant  surfaces. 

II.  TECHNICAL  STATUS 

A.  NUMMARY  OP  PREVIOUS  WORK 


Hie  flame  reaction  between  ammonia  and  chlorine  was  studied  by  means 


of  the  opposed- jet  technique.  It  was  observed  that  NH^-Cl^  flames  were  considerably 


more  difficult  to  .Ttubllsh  tlrci  NTI.-O..  and  Nil.  -NO, ,  flames.  The  NH.-C1,,  flames 
we  \  loo  unstable  at  pressures  below  -jOO  torr  (nozzle  dluim-ser  ' >. 77  cm)  for 

accurate  apparent  flame  strength  (APS)  measurements.  The  results  of  AES  measurements 
indicate  that  the  overall  order  for  this  reaction  is  2.;i  in  the  pressure  range 
of  jOO  torr  to  1  atmosphere.  Furthermore,  the  apparent  flame  strength  of  this 


system  is  considerably  Less.  (—  '(\yg  less  at  I.  atmosphere)  than  that  for  the  NH,-fK 


system  in  the  same  pressure  range.  Other  workers  predicted  that  chlorine  should 
oxidize  ammonia  more  rapidly  than  oxygen.  However,  at  higher  pressures,  it  is 
believed  that  chlorine  may  be  the  better  oxidant. 


Ifte  volumetric  rate  of  consumption  of  ammonia  per  unit 


volume  for  the  reaction 


o  +  3  Cl2 


-*  It-  NH,  Cl  +,  2  HC1  t-  IK 


was  calculated,  on  the  basis  of  Spalding's  analysis  lor  opposed  *,1et  flames,  to  be 
.5,18  g/cm^-see  at  1  atmosphere.  .’Ills  value  corresponded  to  a  volumetric  heat, 
release  rate  (q^^)  of  8.3  x  10$  cal/<a^»sec.  , 


\  :  $t.  *•  <r'r  :k, 

•*  v  Jiv>;  V  J  sikil#. . 
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•B.  '  CURRENT  ANT  PLANNED  WORK 

The  gas -phase  reactions  which  are  believed  to  occur  above  the  surface 
of  burning  composite  propel  Lnntn  containing  ninmonium  percale  it;  to  (  •  1* )  ;.ro  bo.lir 
investigated.  '.Che  proposed  mechanism  (Reference  i)  for  the  deflagration  .0 
ammonium  perchlorate  stipulates  that  the  overall  -inetlc  behavior  of  the 
NIIj-lIClO^  redox  flame  reaction  above  the  solid  surface  is  governed  by  at  least 
three  competing  ammonia  oxidation  reactions  (namely,  by  0o,  Cl„,  and  NO).  '  : 

d  C.  i.,  d  ‘  ■ 

Experimental  and  theoretical  studies  designed  to  test  this  proposed  mechanism 
are  currently  in  progress.  'JJie  experimental  phase  of  these  studies  is  being 
carried  out  by  the  opposed- jet  technique,  which  has  been  described  previous l,y  , 
(References  2  and  3). 

1.  Combustion  of  Ammonia  with  Oxygen 

One  aspect  of  the  kinetics  problem  of  determining  the  rate 
of  heat  release  from  the  redox-zene  of  burning  AP  involves  the  detennination 
of  the  stoichiometry  of  the  pertinent  gas-phase  reactions.  Cnnseimeiit.l.y,  p,*muei, 
analyses  have  been  carried  out  to  determine  the  stoichiometry  (anu  exothermicity ) 
of  the  ammonia -oxygen  flame  reactions  in  the  immediate  region  of  flame  extinguishment 

Table  1  tabulates  the  conditions  and  apparent  flame  ctrerif  th 
data  for  oppooed-jet  experiments  made  at  pressures  ranging  from  200  to  7^5  torr. 

Table  2  lists  the  results  of  mass  spectre graphic  unalycec  of  the  reaction  products 
campled  from  td<'  t.'j'.i'luent  s to-oems  of  rover:; those  •urmr’n.l't -oxygen  J  i.rmos. 

I’m'  samp*ing  end  ana Lytic:1.!  teclmiqui-n  mv  such  dr  L  die  Values  a,;’ 
concentration  are  inaccurate;  therefore,  it  is  the  hydrogen -nitrogen  ratio  that 
is  utilized  in  determining  the  overall  stoichiometry  of  the  reaction.  Ouch  t, 
procedure  is  valid  since  the  data  indicate  that  cssentj.ru. ly  all  of  the  oxygen 
in  the  reaction  products  appears  in  the  water.  Also ,  the  data  indicate  that 
the  H ,,/l*2  ratio  exhibits  a  small  pressure  dependency  (decreasing  with  increasing  ‘ ' 
pressure);  however,  it  appears  that  the  product  distribution  of  the  >5 

flame  reaction  in  tbit  pressure  region  is  characterized  by  a  Hg/Ng  ratio  of  ‘  •"'* 
approximately  0.5  to  0.6.  This  conclusion  is  substantiated  by  the  results  of 
(Jaydon  and  Wolllwird  (^ei'erenc®-  4-)yvfao  have  calculated.  thC/equilibrium  compositions  -V) 
and  temperatures  of  flapse  (for  various  mijftui^j' strengthe; o  'X^^plt^iatioiMi 
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shoved  that,  for  a  fuel-oxidant  ratio  of  3/3,  the  equilibrium  H0/N0  ratio  in 
the  flame  was  O.55.  This  would  seem  to  indicate  that  chemical  equilibrium  was 
attained  in  the  NH--Q^  flames  examined  by  means  of  the  opposed-jet  technique. 

One  of  the  chief  features  of  the  opposed-jet  technique  is  that 

it  provides  information  concerning  the  fuel  oxidant  rati'  (in  the  llmito)  at 

extinguishment,  where  the  reaction  rate  is  at  its  maximum.  Tills  information 

has  also  been  used  to  determine  the  overall  stoichiometry  of  the  NH.,-0o  flame 

reaction.  The  results  of  an  analysis  based  upon  both  combustion  product 

analyses  and  NH,  /0.  ratios  at  extinguishment  are  presented  in  Table  3-  This 
“3d 

table  lists  calculated  coefficients  for  the  reactants  (based  upon  product 
analyses)  and  for  the  products,  based  upon  the  measured  NH-/0o  ratios  at 
extinguishment.  An  examination  of  the  data  reveals  a  slight  disparity  between 
the  calculated  and  measured  values  of  the  NH^/02  and  Hg/Ng  ratios;  however,  it 
is  clear  that  the  overall  stoichiometry  of  the  NH^-0o  flame  reaction  is  best 
represented  by  the  equation 

5  nh3  +  3  o2 - *  |  h2  +  -  .  u  I120  (1) 

The  volumetric  reaction  rate  (ML’ 1 1  )  calculated  for  this  reaction  was  7-35 

^  fu,  max  t  r 

g/em  -see  which  corresponds  to  a  volumetric  heat  release  rate  (q^'. )  of  2.52  x  1CT 
cal/ cur'  -see. 

The  stoichiometry  of  the  NH  -0  ,  flame  reaction  postulated 

5  •- 

earlier  in  the  program  (Reference  1 )  differs  from  that  represented  by  Equation 
(l).  The  previous  equation, 

2  NH-  +  0o  - »  H  +  N0  +  2  Ho0  (2) 

was  based  upon  the nnu dynamic  calculations  and  corresponded  tc  volumetric  reaction 
and  beat  release  rates  of  4.3l  g/cm^-sec  and  2.14  x  lO^  cal/cm^-sec,  respectively. 
Although  the  heat  release  rates  are  very  nearly  the  same  for  both  cases,  the 
values  of  the  NH,  /0  and  H„/N9  ratios  for  the  latter  case  do  not  agree  with 
those  determined  experimentally. 


l-tgo  5 


It  should  be  pointed  out  that  .lie  overal  1.  stoichiometry  Kuna  Li  on 
"%&&&<*  •  dole-mined  in  these  studies  does  not  agree  with  that  determined  by  .t  the  tv-  )'  *• 

HHy-0„  reaction  in  non-flame  systems.  Stephens  and  Pease  (Reference  5)  have 
*7  vtfv&?X^:tud.ied  this  reaction  at  temperatures  ranging  from  S;i5  to  T:?a°C  using  both  flow 

S'fps  flu-Si nd  static  systems,  they  found  that  the  overall  stoichiometry  was  best  represented 

,  «•■  A'iSviV-- "  \  •  ’  - 

-  the  equation 
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ftd  that  tne  reaction  rate  reached  a  maximum  near  who  otoicliii 'le-tric  mi.;  lure 

was  s Lightly  less  than  I .  ) .  Aim,  i.t  In  v,<  l  J.  tn-'wn  that  max  i  mum  .ri  • 

tamper:'  tue  nr.:  usually  obtained  with  inixtun  s  cl.o.:.e  I.  >  utui'diL  iiiictri.c  pn  .p-MU  i- nr 

und  that  maximum  reaction  rates  arc  expected  for  mixtu r mar  l.  this  compos i.l  ton. 
In  the  ease  of  the  NH...-0,.,  1'J.ame  in  the  opposed -.jet ,  i.ne  rnnximum  reaction  rate 
ar  t  (and  heat  'release  rate)  does  not  occur  wi.iii  tin  r  e.  rich  .!.umc  trie  mlxtur-e  (fiill.,/0  t,  • 

*  J“  *  but  with  an  HU,./'.',,  rit.it.  of  approximately  l.'i.  M  •  be  d"'  a  i  i-d  studies  el’  this 


y  fpqotion  in  the  •>pp'a:<  u-,t-.i,  j  -...i  ..t  i.;.  •<  qu*  «a  ■ 


r  I. .  Mils  up'pn  relit 


'.-Tii iMtr; f!  >n  --'J'  Amir. -n!-  w  1  Ml  I'hl  >r  - 


investigated  by  m<-hvr;  .oi’  the  opposed-, let  technique  In  conjunction  with  a  «i:iar 
;  rbpectromoter  in  order  tv-  determine  i.l.i  vori.rli  slciclaloiiiatry  of  tills  react  J •  >n • 
k  and  *.>  thf;  roaction  t\>n^it;t«r*^^nd  Uioji-duUs  of  product  •  n-  I r,.  is 

for  flume  reactions  ■•.•■cried  out  :•(.  pressim-s  marine..  from  ;>»K)  to  ‘jJ;  • .  to  it.  'tin 
data  in  fable  «•  t  •••  >  i.y  .i.,ifi>:* c-  , .  i h. •  »<•  ii.l.to  >i'  .•  i..i...nlu  U ■  <*u •  •  > ■ ,  .in 

7. the  vicinity  of  flame  extinguishment y  id  approximately  jj)\  in  the  pr<  i  nure  n •,  i. .» 
Of  JhO  to  6^0  tori*.  'The  molt  ratio  Values  a  I  yuO  and  Y  V.  tori'  differ  romevhat 
frem  the  average  value  of  because  oJ'  inaccurate  flow  rate  data.  Tin  in¬ 

accuracy  of  these  latter  data  is  due  primarily  to  the  instability  of  the  ammonia- 
'chlorine  flame  at  these  pressures.  On  the  basis  of  these  results  (Table  4),  the 
-YiVOra  11  cUi?.Hiiometry7ean  too  represented  by  the  equal]  a 
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which  accounts  for  the  measured  NH^/Clg  ratio  of  2.25.  However,  the  results  of 
products  analyses  (Table  5)  indicate  that  the  Hg/Ng  ratio  in  Equation  (1+)  is  too 
high  by  a  factor  of  about  30.  An  overall  stoichiometry  which  is  in  better 
agreement  with  the  analytical  results  (neglecting  Run  No.  41)  is  represented 
by  the  equation 

7  NH.j.  +  3  Clp  — - »  5  NHj^Cl  +  HC1  +  N^  (5) 

The  ammonia -chlorine  ratio  for  this  equation  is  2.33..  which  lies  well  within 
the  e •  nr- >•  imental  error  of  the  extinction  measurements.  The  small  amount  (—2 $) 
oJ"  h.-m.-fen  detected  in  the  reaction  products  is  probably  due  to  Incomplete 
reaction  of  the  hydro; '.on  fonuod  in  the  flame  as  a  result  of  thermal  breakdown 
of  NHV  to  N...  and  II  (Reference  4). 

j  c  2 

The  volumetric  rate  of  reaction  of  ammonia  per  unit  volume  for 

Equation  (4 )  has  been  calculated  on  the  basis  of  Spalding's  analysis  (Reference  1) 

of  opposed-jet  flames  to  be  $.6'J  g/cm^-sec.  This  value  corresponds  to  a  volumetric 

heat  release  rate  of  q.' '  '  -  9*92  x  10^  cal/cm^-sec.  These  values  and  the  overall 

anax 

stoichiometry  represented  by  Equation  (5)  differ  from  those  predicted  previously 
(See  Section  II  of  this  report). 

3*  Reports  and  Publications 

Three  publications  describing  recent  research  achievements 
are  currently  being  prepared.  The  tentative  titles  of  those  papers  are  as  follows: 

"The  Reactions  of  Ammonia  with  Oxygen  and  Chlorine  in  the 
Opposed-Jet  Diffusion  Flame,"  by  F.  J.  Cheselske,  R.  F. 

Chaiken,  and  D.  J.  Sibbett 

"Surface  Rate  Processes  and  Sensitivity  of  Solid  High 
Explosives,"  by  R.  F.  Chaiken  and  F.  J.  Cheselske 

"Kinetics  of  the  Decomposition  of  Anhydrous  Perchloric 
Acid,”  by  D.  J.  Sibbett  and  I.  Geller 

The  paper  by  Sibbett  and  Geller  will  be  submitted  for  publication 
in  the  very  near  future.  A  technical  memorandum  comprising  these  publications 
and  other  pertinent  data,  will  be  submitted  in  lieu  of  a  final  report  for  the  year 
ending  February  13  >  19o4. 
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•'i.  Future  Viork 

An  examination  of  the  reaction  between  ammonia  and  the  oxides 
of  nitrogen  (NO,  NO,  and  NO,,)  will  be  initiated  in  order  to  provide  information 
needed  to  define  the  rate-controlling  pioeesses  involved  in  ammonium  perchlorate- 
solid  propellant  combustion. 

A  theoretical  analysis  of  the  theory  of  flame  strength  will  be 

continued. 


III.  PROJECT  PERSONNEL 

During  the  period  covered  by  this  report,  the  following  personnel  contributed 
the  indicated  portions  of  their  time  to  the  program. 

Time .  4- 

F.  J.  Cheselske,  Principal  Investigator  100 


R.  F.  Chaik.cn,  Consultant 


'.'0 


R.  S.  Dodds,  Senior  Laboratory  Technician 
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